INTRODUCTION
The polycystic ovary syndrome (PCOS) is characterized by chronic anovulation and hyperandrogenism, and is the most common cause of anovulatory infertility in developed countries 1, 2 . Affected women suffer not only from infertility, but also from a high rate of early pregnancy loss, defined as miscarriage during the first trimester. The syndrome is associated with a 30-50% rate of early loss of clinically recognized pregnancies after either spontaneous or assisted conception [3] [4] [5] [6] [7] [8] , a rate three-fold higher than that reported for normal women 7, 8 . In fact, 36-82% of women with recurrent pregnancy loss are reported to have PCOS or anatomically polycystic ovaries 6 . In addition to early pregnancy loss, women with PCOS are also at risk of recurrent pregnancy loss, defined as 3 or more consecutive pregnancy losses before 20 weeks gestation. In most cases, no apparent cause of pregnancy loss ed oocytes into four groups based on body mass index (BMI). Results showed significant differences in spontaneous abortion rates between obese women (38.1%, BMI=30 kg/m 2 ) and normal weight (13.3%, BMI 20-24.9 kg/m 2 ) or overweight (15.5%, BMI 25-29.9 kg/ m 2 ) women, supporting the concept that obesity is an independent risk factor for spontaneous abortion. Another study 16 examined the relationship between BMI and the risk of spontaneous abortion in 2,349 women who conceived after assisted reproductive technology treatment. Results revealed that there was a progressively increasing risk of spontaneous abortion as BMI increased. Other studies have corroborated the role of obesity in miscarriage in PCOS [17] [18] [19] .
Although obesity has been shown to be a risk factor for pregnancy loss in PCOS, it remains unclear if obesity itself or an obesity-associated comorbidity, such as insulin resistance, is responsible for this phenomenon.
PLACENTAL THROMBOSIS
Familial thrombophilia (including factor V Leiden mutation, acquired activated protein C resistance, and antiphospholipid antibody syndrome) and hypofibrinolysis are known to contribute to recurrent pregnancy loss in normal women. Increased activity of plasminogen activator inhibitor-1 (PAI-1), a major inhibitor of fibrinolysis, has been reported to promote recurrent pregnancy loss in normal women. PAI-1 is produced by endothelium and decidualized endometrium, and high PAI-1 activity can result in placental bed thrombosis as well as uterine vascular insufficiency.
Regarding PAI-1 activity in PCOS, Glueck et al. 20 reported that elevated PAI-1 activity is an independent risk factor for miscarriage in women with PCOS. In their study of 77 pregnancies of 41 women with PCOS, there were 34 miscarriages (44%) and 42 live births (55%). Sixty-seven percent of the women who had miscarriages (n=12) had high PAI-1 activity (in the 95 th percentile of normal range) compared with 29% of women (n=15) with no miscarriages (p= 0.052). Furthermore, PAI-1 activity and number of pregnancies were statistically determined by stepwise regression to be significant explanatory variables for miscarriage (p=0.016). Compared with normal controls, women with PCOS had a higher prevalence of heterozygous or homozygous polymorphisms of the have a history of menstrual irregularity (47.1% vs. 8.3%), the presence of polycystic ovaries (41.2% vs. 8.3%), and elevated basal LH concentrations. These findings suggest that fetal chromosomal abnormalities may not be common in PCOS and, hence, other factors may play a more dominant role in pregnancy loss in this syndrome.
ANATOMICALLY POLYCYSTIC OVARIES
Polycystic ovaries are a commonly recognized ultrasound abnormality among women with a history of recurrent miscarriages and infertility 5, 11, 12 . Therefore, the presence of anatomically polycystic ovaries has been postulated to contribute to miscarriage in PCOS, either through ovarian androgen hypersecretion or LH hypersecretion.
One study of 500 patients with a history of recurrent miscarriages reported a 56% prevalence rate of polycystic ovaries in this population 11 . A larger cohort study of 2,199 women by the same group of investigators 13 revealed a 40.7% (895/2199) prevalence rate of anatomically polycystic ovaries among women with recurrent miscarriages. However, no difference in subsequent live birth rates between women with anatomically polycystic ovaries and with normal ovarian morphology was noted, as well as no association of miscarriage with elevated serum LH or testosterone concentrations. Similarly, another study 14 found a high rate of polycystic ovaries in a population of women with a history of recurrent miscarriages (36%) but 82% of these women proceeded to have subsequent live births, similar to the live birth rate of 81% encountered in women with normal ovaries.
The conclusion that can be drawn from these studies is that women with polycystic ovaries are overrepresented among women with early miscarriage, implying increased risk, but that among women with an established history of recurrent spontaneous abortion, the presence of polycystic ovaries does not influence the subsequent live birth rate.
OBESITY
Obesity has also been implicated as a possible risk factor for early pregnancy loss and recurrent miscarriages in PCOS. A retrospective study 15 divided 712 women who became pregnant after receiving donat-inhibiting the immune response of the endometrium to the embryo [25] [26] [27] [28] [29] . More specifically, it has been shown to primarily inhibit mixed lymphocyte reaction and natural killer cell activity 27, 29 . Both early pregnancy loss and impaired endometrial development are associated with decreased endometrial secretion of glycodelin 30, 31 . IGFBP-1, on the other hand, facilitates adhesion processes at the feto-maternal interface during the periimplantation period 32, 33 . Although produced primarily by the liver, IGFBP-1 is also produced and secreted by the endometrium during pregnancy 34 . Women with PCOS have been shown to have both low serum glycodelin concentrations and serum IG-FBP-1 concentrations in pregnancy 35 .
A possible role for insulin has been considered in endometrial defects. In a double blind, placebo-controlled study 36 of 48 women with PCOS, we demonstrated that the insulin-sensitizer metformin significantly increased follicular and luteal phase serum glycodelin and IGFBP-1 concentrations. In another study 37 , we evaluated 72 women with PCOS and 62 normal controls during the first trimester of pregnancy, and reported that both serum glycodelin and IG-FBP-1 concentrations were markedly and significantly lower in women with PCOS. Serum glycodelin was 56% lower in women with PCOS during gestational weeks 3-5, 23% lower during weeks 6-8, and similar by weeks 9-11. Serum IGFBP-1 concentrations were 60-70% lower in PCOS during weeks 3-5 and 6-8, and 39% lower during weeks 9-11. This study provided evidence implicating endometrial dysfunction during the peri-implantation period as a possible mechanism for early pregnancy loss in PCOS.
HORMONAL ABNORMALITIES

Gonadotropins
Previous studies suggested that women with hypersecretion of luteinizing hormone (LH), a frequent feature of PCOS, are at increased risk for miscarriage after either spontaneous or assisted conception 3, 4 . However, it has been more recently demonstrated that in women with elevated circulating LH concentrations and a history of recurrent miscarriage, suppression of endogenous LH release before conception did not improve live birth rates 38 . Other studies have also failed to corroborate elevated LH as a risk factor for miscarriage in PCOS 39, 40 .
PAI-1 gene locus (p=0.028).
In a recent study 21 , the same group of investigators reported that PCOS women with a history of recurrent miscarriages, similar to those with single miscarriages discussed above, have high PAI-1 activity. They also reported that the thrombophilic G1691 A Factor V Leiden mutation is associated with recurrent pregnancy loss in women with PCOS. A point mutation in the factor V Leiden gene can result in activated protein C resistance, the most common familial thrombophilia. However, these findings have not been confirmed by an independent group. Not all studies have supported the finding of hypofibrinolysis and thrombophilia in women with recurrent miscarriages. In an observational study 22 , 1000 consecutive women with unexplained recurrent pregnancy loss were compared with a control group of women with no history of recurrent pregnancy loss. Results showed that acquired activated protein C (APC) resistance, but not congenital Factor V Leiden mutation, was associated with miscarriage. In addition to this study, a case control study of 41 women with PCOS and 25 controls conducted in the United Kingdom 23 reported no difference in the prevalence of APC resistance between the two groups, thereby refuting the theory that women with PCOS are at risk of miscarriage due to thrombosis. Therefore, the theory of placental bed thrombosis as an etiology for miscarriage in PCOS remains speculative and requires further research. A gene defect may not be required since insulin resistance itself has been shown to increase PAI-1 levels.
ENDOMETRIAL DEFECTS
There has been speculation that endometrial defects may lead to early pregnancy loss in PCOS. Few published studies have specifically investigated this area.
Deficient secretion of endometrial proteins may contribute to miscarriage in PCOS. Glycodelin (previously known as PP14) and IGF binding protein-1 (IGFBP-1) are two proteins secreted by the endometrium that appear to play important roles in endometrial receptivity during implantation and early pregnancy 24, 25 . Glycodelin is a glycoprotein produced by secretory and decidualized endometrial glands during the luteal phase that facilitates implantation by
Androgens
Elevated androgen levels (testosterone and androstenedione) have been postulated to play a role in miscarriage in PCOS. An earlier study 41 described an association between elevated androgen concentrations and miscarriage. A more recent study 42 supported these findings, reporting that plasma concentrations of androgens were significantly higher in women with PCOS who had recurrent miscarriages compared with normal controls. Likewise, women with recurrent miscarriages who did not have PCOS had significantly higher androgen levels than normal controls, suggesting that an elevated androgen profile by itself is involved with recurrent miscarriages. Their results also found a negative correlation between plasma androgen concentrations and glycodelin concentrations from uterine flushings, suggesting that high androgen concentrations may lead to abnormal endometrial development.
Consonant with these reports, a recent in vitro study 43 demonstrated that androstenedione inhibits endometrial cell growth and secretory activity (specifically glycodelin secretion) in cultured endometrial epithelial cells. The direct effect of androgens on endometrial function was confirmed by demonstrating the presence of androgen receptors in endometrial epithelial cells, and further by showing that the effects of androgens on endometrium were eliminated when cyproterone acetate, an anti-androgen, was added to the cultures.
Insulin Resistance
Since a frequent feature of PCOS is hyperinsulinemia with insulin resistance, insulin resistance has also been investigated as a causative mechanism for pregnancy loss in PCOS. A recent study suggested that insulin resistance is an independent risk factor for early pregnancy loss in all women 17 , and another that hyperinsulinemia is also an independent risk factor for recurrent pregnancy loss in normal women 44 . This raises the question of whether pregnancy loss in PCOS may be due to insulin resistance. To evaluate the role of insulin resistance in promoting pregnancy loss, two retrospective studies assessed the effects of metformin administration in pregnant women with PCOS.
We conducted a retrospective study 45 of 65 women with PCOS who received metformin throughout pregnancy and compared their pregnancy outcomes with 31 women with PCOS who did not receive metformin. Results revealed that the rate of early pregnancy loss was significantly reduced in the metformin group compared to the non-intervention group (8.8% in vs. 41.9%, respectively, p<0.0001). This reduction was even greater in the subset of women with a history of previous miscarriage who received metformin compared to those who did not (11.1% versus 58.3%, respectively, p=0.002). No evidence of a teratogenic effect of metformin was observed.
The other retrospective study, which utilized historical data for the control, reported similar results 46 . In this study, 72 women with PCOS on metformin had a 17% rate of early pregnancy loss compared with a past historical rate of 62% without metformin use in 40 of these 72 women. No miscarriages were reported during the second or third trimesters. Furthermore, metformin therapy during pregnancy did not result in any teratogenic effects or abnormalities of birthweight or early social and motor development. These results must be interpreted with caution since some studies suggest that the likelihood of a subsequent live birth in a woman with PCOS who miscarries may be as high as 82% 6 .
Metformin is classified as a category B medication in pregnancy. In animal studies, metformin is not teratogenic in rats or rabbits at doses two to six times the maximum suggested human daily dose based on body surface area for rats and rabbits, respectively. The studies described as well as another study 47 suggest that metformin may be safe in pregnant women. However, there remains a need for randomized, prospective, placebo-controlled trials in pregnant women before metformin can be declared safe for routine use in pregnant women with PCOS.
HYPOTHESIS: INSULIN RESISTANCE WITH HYPERINSULINEMIA AS A UNIFYING CAUSE
Insulin resistance can be associated with all of the mechanisms of early miscarriage that have been previously discussed. Therefore, we propose that insulin resistance with subsequent hyperinsulinemia is a unifying factor in the pathophysiology of miscarriage in PCOS (Figure 1 ).
Insulin resistance is highly associated with obesity, and since a high proportion of women with PCOS are obese, the hyperinsulinemia resulting from obesi-by increasing circulating testosterone concentrations. Similarly, increased LH secretion by the pituitary gland may also be a consequence of insulin resistance and the effect of hyperinsulinemia on pituitary function.
Insulin resistance has further been associated with abnormal endometrial development and endometrial defects in women with PCOS. One study 36 reported that insulin reduction with metformin enhances uterine vascularity and reduces uterine vascular resistance, as demonstrated by a 20% reduction in vascular resistance in spiral arteries after metformin use (0.71 ± 0.02 to 0.57 ± 0.03 (p<0.001). This double-blind, placebo-controlled study of 48 women with PCOS also found that insulin reduction with metformin significantly increased follicular and luteal phase serum glycodelin and IGFBP-1 concentrations, two endometrial proteins necessary for implantation and adequate endometrial development that is reduced during the first trimester in women with PCOS 37 .
In summary, all of the proposed mechanisms for early miscarriage in PCOS can be linked back to insulin resistance and hyperinsulinemia. Hence, insulin resistance may be the initial inciting defect which then results in a cascade of abnormalities, which in combination or individually contributes to the pathogenesis of early miscarriage in PCOS.
CONCLUSION
In conclusion, while the specific pathophysiology of pregnancy loss in PCOS remains unknown, evidence suggests that factors other than fetal chromosomal abnormalities play a prominent role. We advance the hypothesis that insulin resistance and hyperinsulinemia are essential to the pathophysiology of pregnancy loss in PCOS, acting through a variety of mechanisms. To wit, insulin resistance and hyperinsulinemia have been directly linked to obesity, increased PAI-1 activity, uterovasuclar insufficiency, abnormal gonadotropin secretion, and abnormal endometrial development and function during implantation.
Several areas of investigation are necessary to clarify the etiology of pregnancy loss in PCOS. To determine the individual risk conferred by PCOS on miscarriage, studies comparing miscarriage rates in lean and obese women with PCOS to lean and obese women with normal menses are required. In addition, a large, randomized prospective study would be benefity may directly affect miscarriage rates in PCOS. Support for this theory is derived from a recent study 11 reporting that obesity is an independent risk factor for early pregnancy loss. The investigators reviewed records of 383 infertile women who conceived after in vitro fertilization or intracytoplasmic sperm injection. After dividing the patients into two weight-based groups (lean, BMI<25kg/m 2 , n=304 vs. obese, BMI=25kg/m 2 , n=79), they discovered that obese patients, compared with lean women, had a higher rate of miscarriage during the first 6 weeks (22% vs. 12%, p=0.03) and a lower live birth rate (63% vs. 75%, p=0.04). They also reported that the association of obesity and miscarriage is independent of age, history of previous miscarriage, ovarian stimulation method, and the presence of anatomically polycystic ovaries. Other studies on PCOS and infertile women in the general population have supported the finding that obesity is an independent risk factor for early pregnancy loss 18, 19 . It should be noted that it is difficult to distinguish between the effects of obesity and insulin resistance.
In addition to obesity, insulin resistance has been linked to increased expression of PAI-1. PAI-1 activity is known to increase with elevating levels of serum insulin. Conversely, PAI-1 activity has been shown to decrease when insulin concentrations are reduced by metformin 20, 46, 48, 49 . Glueck et al. have postulated that by improving hyperinsulinemia, metformins reduction in PAI-1 activity reduces spontaneous pregnancy loss in PCOS.
Insulin resistance is known to play a critical role in the ovarian androgen excess characteristics of women with PCOS, and therefore might promote miscarriage cial in determining the equality of insulin sensitizing drugs in decreasing miscarriage in PCOS, as well as in identifying any potential safety concerns of these medications during pregnancy. Further studies are needed to understand how insulin might regulate endometrial secretions of glycodelin and IGFBP-1 during early pregnancy.
Nonetheless, the recognition of insulin resistance and subsequent hyperinsulinemia as a central feature of PCOS offers potential insight into a unifying mechanism that may account for the increased risk of early miscarriage in PCOS.
